Generally the fluid field of a pressure driven compressible fluid flow in a porous medium can be determined by the mass conservation and Darcy's law
is the permeability of the porous media, a parameter that mainly characterises the structure of the pores. This quantity has been the subject of several studies. It was measured by several researchers and found to have a wide range of values for the same material depending on the fluid used (Muskat, M., 1937) . Klinkenberg (Klinkenberg, 1941) brought the studies of Kundt and Warburg (Kundt, and Warburg, 1875) a step further and using a capillary model he determined the ratio of mean free path and pore size as a function proportion to the inverse of the mean free path 4 =
Comparing Poiseuille's flow in a capillary and a model based on Darcy's law, Klinkenberg defined the parameter known as slippage effect:
Where is the intrinsic permeability of a porous media with a large free path of the gas such that found in low pressure driven flows. One of the main engineering applications of the permeability and fluid flow through porous materials is the extraction of underground sources where the risk of gas leak to the ground surface is an issue. The emission of gases such as CO 2 and CH 4 to the environment and shallow aquifers can cause serious damages to nature and people. In terms of environmental effect of greenhouse gases, Plampin et al. (Plampin, M. et al., 2014) predicted the emission of CO 2 , from heterogeneous soil using a 1-D laboratory model and determined the spatiotemporal relations of CO 2 leak into shallow aquifers.
Wang et al. (Wang, G. et al., 2014) presented a more rigorous model to separate the Klinkenberg effect from the variation of permeability under constant effective stress while the gas pressure changes. The modified model for coal cleat was made on the matchstick model to incorporate the matrix swelling effect. Khoei and Vahab (Khoei and Vahab, 2014 ) studied discontinuities such as closures and openings in a porous media. They applied an extended FEM approach (a) (b) Figure 1 : The general configuration of a packed stuffing box and the sealant axisymmetric area as 2D domain of porous media with its boundary conditions. to numerically evaluate the flow in an application where a mixture of saturated water is the fluid and soil is the porous structure. The effect of viscosity of non-ideal gas has been studied by Ma and et al. (Ma, J., 2014) . In a recent simulation of gas flow in porous media (Hooman, K. et al, 2014) predicted the permeability of the porous structure by considering slip flow in polygonal cross section channels. The Knudsen and Klinkenberg correction factors were considered by (Anez, L. et al., 2014) in a study on the permeability of nano-micro composite gels. They used water and Nitrogen as fluid media to study the two effects and discussed the validity of the absolute permeability evaluation based on the permeability measurements of a gas.
In bolted flange joints, the gaskets are mainly made of sheet materials composed of fibers and a matrix which forms a porous structure. The axial compressive force reduces the pores and limits the fluid flow or leakage through the gasket. Based on the porous structure of the gasket or the packing ring the possibility of fluid flow level limit through the pores is surpassed. Recent legislations are very strict on the amount of emission that is tolerated. The 500 ppm limit imposed by the EPA is a big constraint and challenge to be met by some gasket and packing products. Similar restrictions are imposed by the Integrated Pollution Prevention and Control (IPPC) in Europe. As a result standards such as TA-Luft, ISO 15848-1 and API 622 and 624 and others are being revised and new standards are being created to reflect the new regulations (Schaaf and Schoeckle, 2009) , (ANSI/ISA-93.00.0., 1999) , (API-622, 2011 ), (API-624, 2011 ) and (ISO-15848-1, 2006 .
In terms of leakage prediction, the characterization of porous gaskets and packings was carried out based on different models. (Masi et al., 1998) and (Jolly and Marchand, 2009 ) characterized gaskets in bolted joints using capillary laminar and molecular flow regime models. Grine and Bouzid (Grine and Bouzid, 2011) simulated flow through porous gaskets using annular capillary model with the first order velocity slip condition and compared the results with molecular flow model. They determined the porosity characteristics of the gasket by comparison of the analytical model and experimental data and were able to predict the leak rates for different gases namely; Helium, Argon, Nitrogen and compressed Air. The results demonstrate that the slip flow model is capable of predicting leak rates through a wider range of Knudsen numbers with a good accuracy.
Considering the application in stuffing box valves Diany and Bouzid (Diany and Bouzid, 2011) investigated several leak detection test in different operational conditions. Lasseux et al. (Lasseux, D. et al., 2011) used two different test rigs to measure the flow of gas of die-formed exfoliated graphite packings. The test rigs are specially designed to measure the leak in the radial and axial directions using the pressure decay method. Using an inverse technique, the experiment data were exploited to determine the porosity parameters of the packing rings.
This paper presents an analytical model based on the mass and momentum conservations and Darcy's law to which Klingerberg slippage effect is introduced to characterise the flow in compression packings. An experimental test bench that measures the leak rates is used to characterize the porosity parameters of two graphite based packing materials.
Physical modelling
A general configuration of the packed stuffing-box in 2D axisymmetric view is presented in Fig. 1(a) . The flow through the packing ring material with a disordered porosity takes place in the axial z direction. The packing rings in the stuffing-box are considered as homogeneous isothermal porous media and are denoted as Ω as illustrated in Fig. 1(b) . The side walls are rigid boundaries that allow no radial flow. The bottom area, referred to as Ω , is the upstream of the fluid flow that is at high pressure and the top area, referred to as Ω , is the downstream considered to be at atmospheric pressure.
Darcy's model is frequently used as a numerical expedient for the simulation of multiphase fluid flow in porous materials. The mass and momentum conservation for a compressible fluid flow adjusted by Darcy's filtration velocity and including Klinkenberg slip factor is used to derive the equation of flow presented by Eq.(1). Considering the unidimensional nature of the flow through the porous packing the spatial Eqs.
(1-4) may be simplified to:
The Klinkenberg slip effect and the intrinsic permeability are parameters that illustrate the material properties in the axial direction. In this study the gases are assumed to be compressible and follow the ideal gas law, hence the relationship between density and pressure is =
Figure 3: Leak rates of graphite based packings GI and GII versus gas pressure. Nitrogen is used as reference gas.
Substituting for the density and filtration velocity and considering a uniform porosity distribution in the domain, Eq. (5) becomes
This is a nonlinear hyperbolic partial differential equation based on the mass conservation law that can to be solved using a numerical approach. In this study the Roe approximate Riemann solver is used. Hence a suitable change of variables is needed in the Roe scheme that meets the flow conditions (LeVeque, 1999) . Assuming = ( ) and after substitution in Eq. (6) the nonlinear pressure flux is given by
And the corresponding Jacobean is
All three Roe conditions are satisfied and therefore the convergence of the numerical approach to resolve Eq. (8) is guaranteed. With the fluid flow being in the axial z direction, the amount of mass flow rate is related to density, velocity and cross section area. Applying the ideal gas law and filtration velocity gives
Experimental set up
The experimental leak measurements are carried on a stuffing box test bench shown in Fig. 2a , the data from which is processed in order to determine the porosity parameters of two types of braded flexible graphite packings and validate the model. Figure 2b shows a schematic of the pressurization, hydraulic and leak detection systems. This test bench has three main sections; hydraulic tensioner, pressurization system and leak detection system, all of which have their corresponding instrumentation. Four packing rings are stacked inside the packed stuffing-box. The gland stress from 6.9 to 34.5 MPa in steps of 6.9 MPa is applied through the hydraulic tensioner using a manual hydraulic pump. For every gland stress, Nitrogen pressure is applied through the pressurization system in the range of 0.34 to 2.76 MPa in steps with 0.34 MPa. The housing has a total length of 104.8 mm in height and can accommodate up to six packing rings of 9,5 mm 2 section. The stuffing-box housing has an outside diameter of 79.4 mm and inside diameter of 47.6 mm. The stem is also made of steel with a diameter of 28.6 mm. The displacement of the packing rings due to compression is measured by two LVDTs installed diametrally opposed. A two 10-elements strain gages are installed on the external surface of the housing to measure the hoop strains at different axial locations. Depending on the level of the leak rate four different measurement techniques are used; flow meter, pressure decay, pressurized rise and mass spectrometry with the latter being able to detect down to 10 -10 ml/s. For this study the flowmeter and pressure rise were used to measure the leak rates. All tests have been conducted at a controlled room temperature. In addition, to avoid any effect of temperature variation on the leak measurements, the pressurization and leak detection tubing systems are thermally isolated. Degassing is not required prior to testing as the measuring leak rates are much greater in magnitude.
Determination of porosity parameters and leakage prediction
In Eq. (8) intrinsic permeability, Klinkenberg's slippage number and porosity are constant parameters that can be determined experimentally using leak tests measurements. To achieve this, Eq. (8) is used considering two regimes; the steady-state and the time dependent regimes. The parameters are then found as follows.
Determination of intrinsic permeability and Klinkenberg slip factor b
It is well established that the measured or apparent permeability in a porous media is different from the intrinsic value. Generally this phenomenon, known as Knudsen flow comes from the fact that the type of fluid flow in a porous media is not always continuous. For example at higher Knudsen numbers when the pore size is small as compared to mean free path the fluid flow obeys to the molecular flow regime. Klinkenberg quantified this phenomenon by introducing Eq. (4) and showed that the curve of the apparent permeability versus the inverse of the mean pressure follows a straight line and in particular at higher values of the inverse of the mean pressure. The intercept of this line with the apparent permeability axis gives the intrinsic permeability. Also the slope of this line gives the klinkenberg parameter b. The measured leak rates of the two graphite based packings are presented in the Fig. 3 . The data points are recorded at the steady state condition. A sample of the variation of leak rate versus time is presented in Fig. 4 . The stabilization of a leak is obtained when successive measurement points form a straight line with a very small slope.
The steady state solution of Eq.(6) can be determined by considering = 0 and Dirichlet boundary conditions.
At upstream the fluid is a constant applied pressure and at downstream the fluid is at near atmospheric pressure. The steady-state solution of Eq. (6) by
Considering the flow to be unidirectional, the mass leak rate is given by the filtration velocity of the fluid, its density and the cross section area of the packing. Therefore substituting for the filtration velocity of Eq.(2) and the density of Eq.(7) the leak rate as By calculation of first derivation of Eq.(13), the apparent permeability can be found as
In Figs. (5) and (6) the apparent permeability is depicted as a function of the inverse of the mean pressure for the two packings GI and GII. Klinkenberg pointed to the fact that the curves converge to a straight line at high values of mean pressure. This is confirmed by the curves obtained at different stress levels and the straight lines are interpolated to give the permeability and other characteristics of the porous packings.
In a consistent manner, a line is fitted for each stress level curve and the corresponding intercept and slope are calculated to obtain the corresponding intrinsic permeability and Klinkenberg slip factor . The permeability is a parameter that characterizes the ability of the porous media to transport fluids through its pores. The type of fluid and pressure can affect the structure of the porous material and influence the flow. However, in this study the variation of the permeability due to gas pressure inside the pores is ignored and is only dependent on the level of the gland stress. This is because the packing rings are confined in the stuffing box.
The variation of intrinsic permeability as a function of the gland stress is shown in the Fig. (7) . A relationship between the two parameters can be deduced from a curve fitting for each packing ring. In general an exponential behavior is observed in this case with both packing rings such that:
Figure 8: Porosity of packings GI and GII. (5) and (6), the expression of the apparent permeability can be deduced in terms of the mean pressure and the level of gland stress such that
The Klinkenberg effect which quantifies the amount of slip flow in the porous structure is predominant in low permeability materials such as PTFE and graphite-based materials. The influence of Klinkenberg effect increases when pressure is decreased (Schaaf and Schoeckle, 2009) . In order to relate Klingerberg slip factor to the level of gland stress, Eqs. (15) and (16) 
Determination of material porosity
The determination of the porosity requires the use of Eq. (5) which is a time dependent type of equation the solution of which necessitates the variation of the density with time. Therefore the monitoring of certain parameters with time is required. Hence as well as the leak rate, the pressure rise at the downstream is recorded with time till steady-state of fluid flow is achieved. The process of the porosity determination is a curve fitting optimization scheme that is conducted on the calculated leak rates to fit with the measured values, while the program is executed through measured time of stability. For each gland stress level, and for different pressures, , the leak rate, is considered to stabilize and reach the steady state after a time period of according the following optimization process ( , ) , Δ = 0 < < 1
Where is the cost function used in the optimization algorithm and is considered as the norm of the function to be minimized. Depending on the type of optimization algorithm and the desired accuracy, any function that can produce a minimum difference with experimental data can be adopted. In this study a program based on Levenberg-Marquet algorithm is used to determine the porosity of the graphite packing materials. The results of this optimization process are presented in Fig.(8) where porosity is depicted versus gland stress for the two packings GI and GII.
As mentioned before because the packing rings are confined in the stuffing-box, the material cannot expand due to gas pressure inside the pores and therefore the porosity  can expressed in term of the gland stress. The relationship can be obtained by a curve fitting from 
The values of the constants , , , , and are presented in Table 1 for both packing ring materials GI and GII.
Leakage prediction
The leak rate can be predicted for the two packing rings for different gland stress and pressure combination. Obtaining the porosity parameters from Eqs.(15), (17) and (19) and solving for the pressure in Eq.(8) give the predicted leak rate per Eq. (8). Figures. (9) and (10) show a comparison between the measured and predicted leak rates as a function of pressure for different gland stresses. As can be appreciated, there are in good agreement between the results which demonstrates the ability of the developed model to simulate and quantify the leakage behavior of graphite-based packing materials. The method can be extrapolated for use with other packing materials and can be used to predict leakage for other gazes based on test conducted with a reference gaz.
Conclusion
The leakage behavior of graphite-based packing material for packed stuffing-boxes can successfully be simulated by an adjusted model based on Darcy's law of permeation for pressure driven gas in porous media. As part of the adjustment to Darcy's model, the introduction of Klinkenberg's slip coefficient is a good approach to correct the flow in the case of flexible graphite-based packing rings. The characterization process based on leak measurement at different gland stress and gas pressure combinations must be conducted prior to undergoing leakage predictions.
In this study, the porosity parameters of two graphite based packing rings have been determined experimentally. Using these parameters, the developed model was able to predict the leak rate with reasonable accuracy. The developed methodology could be used for other packing materials. 
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